Objectives. Several imaging techniques have been advocated as clinical adjuncts to improve identification of suspicious oral lesions. However, these have not yet shown superior sensitivity or specificity over conventional oral examination techniques. We developed a multimodal, multi-scale optical imaging system that combines macroscopic biochemical imaging of fluorescence lifetime imaging with subcellular morphologic imaging of reflectance confocal microscopy for early detection of oral cancer. We tested our system on excised human oral tissues. Study Design. In total, 4 tissue specimens were imaged. These specimens were diagnosed as either clinically normal, oral lichen planus, gingival hyperplasia, or superficially invasive squamous cell carcinoma. The optical and fluorescence lifetime properties of each specimen were recorded. Results. Both quantitative and qualitative differences among normal, benign, and squamous cell carcinoma lesions can be resolved with fluorescence lifetime imaging reflectance confocal microscopy. The results demonstrate that an integrated approach based on these two methods can potentially enable rapid screening and evaluation of large areas of oral epithelial tissue. Conclusions. Early results from ongoing studies of imaging human oral cavity illustrate the synergistic combination of the 2 modalities. An adjunct device based on such optical characterization of oral mucosa can potentially be used to detect oral carcinogenesis in early stages. (Oral Surg Oral Med Oral Pathol Oral Radiol 2016;121:290-300) Comprehensive oral examination is the standard method to screen the oral cavity for potentially malignant disorders. On the basis of the clinical diagnosis through visual inspection and palpation, the clinician performs one or more biopsies, followed by histopathologic diagnosis.
Comprehensive oral examination is the standard method to screen the oral cavity for potentially malignant disorders. On the basis of the clinical diagnosis through visual inspection and palpation, the clinician performs one or more biopsies, followed by histopathologic diagnosis. 1 The overall clinical process is subject to interpretation and relies heavily on the experience of the clinician. Moreover, premalignant lesions are often multifocal and clinically similar to benign lesions, making it particularly difficult to select the representative site for biopsy and accurately diagnose a large clinically abnormal area. 2 Techniques that can identify oral precancers and cancers more accurately than visual inspection alone are needed to guide tissue biopsy and resection.
A number of optical imaging modalities have been proposed to noninvasively differentiate among normal, premalignant, and malignant lesions within the oral cavity. [3] [4] [5] [6] [7] [8] Autofluorescence imaging has emerged as one of such techniques that has shown promise and is used clinically. [9] [10] [11] The carcinogenesis of squamous cell carcinoma (SCC) is accompanied by complex morphologic and biochemical changes that contribute to changes in autofluorescence. 12, 13 Some of these alterations, such as thickening of the epithelium, increase in the vascularity, and changes in the metabolic pathways, can cause changes and shifts in the native fluorescence characteristics of the tissue, which can potentially be used to discriminate malignant and premalignant lesions from the surrounding normal tissue. 12 For instance, restructuring of the extracellular matrix in subepithelial stroma during oral carcinogenesis results in collagen degradation accompanied by loss of fluorescence and decrease in scattering and, therefore, can serve as a relevant biomarker. 12 Although devices based on autofluorescence imaging have shown relatively high sensitivity in the early detection of oral malignant lesions, the poor specificity of these devices does not support their routine use. more mechanistic basis for determining disease progression. FLIM is a potentially attractive technique for detection of epithelial cancers. 3, 4, [25] [26] [27] FLIM is, essentially, a technique to map the spatial distribution of excited state lifetimes within a sample. In most embodiments, a pulsed or modulated light source excites the sample, and the emitted fluorescence is measured in a time-resolved manner, which results directly in decay curves. The fluorescence lifetime, which is a measure of the time that a molecule remains in its excited state before returning to ground state, is extremely sensitive to the molecule's microenvironment. In addition, lifetime measurements are less sensitive to intensity artifacts and photobleaching and, thus, are more robust for clinical applications. FLIM can also exploit the tissue autofluorescence, thus obviating the need for administering exogenous contrast agents. 27 We recently demonstrated multispectral FLIM endoscopy by imaging a malignant lesion in the hamster cheek pouch model in vivo 28 and also reported a handheld probe for FLIM with the ability to access and image the human oral cavity in vivo. 29 More importantly, our implementation of FLIM offered a macroscopic field of view, which is critical to rapidly scan large and/ or multiple lesions in the oral cavity.
High-resolution imaging techniques, such as confocal microscopy, provide complementary architectural information and have shown significant clinical potential as an alternative means for detection of cancers of the epithelium. 18 Confocal microscopy is essentially an optical microscopy technique with enhanced resolution and contrast by rejection of out-of-focus light by a pinhole (spatial filter) in the confocal plane of the objective lens. An added benefit critical for imaging thick tissue is the "optical sectioning" principle of confocal microscopy, which allows selective imaging of the focal plane and removal of signal from depths above and below the plane of interest. Specifically, reflectance confocal microscopy (RCM) collects the "reflected" or backscattered light from the sample. In the field of tissue imaging, RCM is able to image tissue microstructure with subcellular resolution in both the lateral and axial directions and can detail architectural changes associated with benign, premalignant, and malignant lesions, allowing label-free detection. 20 Both ex vivo and in vivo RCM have shown the ability to image cellular morphology in real time with resolution comparable with histology. 20, 30 However, in vivo application of RCM to image the oral mucosa has been somewhat limited, mainly because of the challenges associated with accessing all parts of the oral cavity.
Our group has previously demonstrated the utility of using FLIM and RCM to image oral tissue in animal models. 4, 29 Although the use of animal models can provide the necessary complexity to validate the engineering design, their tissue structure and biochemistry are not equivalent to human tissue. Here, we applied a modified multimodal optical imaging setup, which allows the imaging of human oral tissue ex vivo. Specifically, FLIM is used to acquire relatively large-scale multispectral images of oral tissue biopsies ex vivo with a single scan. This is followed by RCM to identify and characterize tissue morphology at a microscopic level. The study was designed to demonstrate the dualmodality system's ability to evaluate normal, benign, premalignant, and malignant human oral lesions and is focused on qualitative and quantitative characterization of lesions, the comparison of tissue morphology, and biochemical composition, illustrating the synergy of the combined FLIM-RCM system. This study represents a transition from testing this novel system in the animal model to testing it on excised human normal or pathologic tissue, a procedure we believe is a necessary step toward future clinical trials and the ultimate clinical application for early detection of oral cancer.
MATERIALS AND METHODS Oral tissue collection
The tissue collection and imaging protocols were approved by the Institutional Review Boards at Texas A&M University and Texas A&M UniversityeBaylor College of Dentistry. Written informed consent was obtained from all patients who either had undergone osseous surgery or crown lengthening procedures for removal of clinically normal excess tissue or had prior clinically benign, premalignant, or malignant lesions that required biopsies. After surgical excision, the tissue samples were immediately placed in phosphate-buffered saline solution and kept on ice in order to minimize tissue degradation. Both FLIM and RCM imaging were performed within 30 minutes following tissue collection.
FLIM imaging
The tissue samples were placed in a quartz petri dish and then positioned under the objective lens of the FLIM module. The detailed configuration of this system and the ensuing analysis is described in detail elsewhere and in the accompanying supplementary information (Supplementary Figure 1) . 29 Timeresolved fluorescence data were collected sequentially with a photomultiplier-tube detector coupled to a highspeed digitizer. Finally, 9 images were generated from each FLIM scan: absolute integrated fluorescence intensity, normalized integrated fluorescence intensity, and average fluorescence lifetime maps corresponding to each of the 3 emission channels.
RCM imaging
Immediately following FLIM acquisition, the tissue samples were treated with 5% acetic acid for approximately 60 seconds to increase the amount of reflected light from cells at or near the tissue surface. The current embodiment of our RCM module has been previously described in detail and in the supplementary information. 31 The illumination light was scanned on the sample in a rectangular pattern and coupled to the microscope objective through an image relay. The backscattered light was focused onto a pinhole for confocal detection, followed by a photomultiplier-tube detector. Finally, a digitizer was used for signal collection and real-time image formation.
Histopathology
Following imaging, biopsies were placed in 10% buffered formalin and processed for hematoxylin and eosin histology. The stained sections were reviewed by the study pathologists (YLC and JMW), who were blinded to the results of optical imaging. The sections were assigned to one of the following categories: normal, benign (lichen planus), mild dysplasia, moderate dysplasia, severe dysplasia, or cancer (SCC). If any of the sections were found to have more than one disease state, then the most severe diagnosis was assigned to that biopsy. A total of 4 tissue biopsies were imaged using either or both imaging modalities. These specimen were diagnosed as 1 each of clinically normal, oral lichen planus, gingival hyperplasia, and superficially invasive SCC.
RESULTS

FLIM can visualize the biochemical makeup of the oral tissue
The left panel of images in Figure 1 shows the representative FLIM maps and corresponding histology image from a clinically normal oral tissue. The specific tissue sample was acquired from a crown-lengthening procedure, wherein excess gingival tissue was surgically removed for future tooth restoration. As indicated, the images correspond to normalized fluorescence intensity and average fluorescence lifetime values, corresponding to the 3 emission wavelength bands (left to right). These 3 spectral bands cover the range of emissions of biologically most relevant endogenous fluorophores. The most important sources of autofluorescence in this range are collagen (peak emission: 390 nm, channel 1), nicotinamide adenine dinucleotide (NADH) (peak emission: 450 nm, channel 2), and flavin adenine dinucleotide (FAD; peak emission: 550 nm, channel 3).
Although tissue autofluorescence usually exhibits complex fluorescence decay profiles, average lifetime can still provide useful contrast between different types and/or pathologic states of the tissue. Across the area of the tissue section, the corresponding normalized intensity and lifetime images were relatively uniform, as depicted in Figure 1A -F. The normalized intensity images yielded mean values of 0.27 AE 0.08, 0.51 AE 0.05, and 0.23 AE 0.04 across the tissue surface, for channels 1, 2, and 3, respectively. Although, the peak emission wavelength of collagen is usually below 400 nm, the relatively long "red-tail" of the emission profile results in a significant contribution to the first channel, and to some extent, the second channel. 32 For this reason, the corresponding lifetime values, calculated as 4.84 AE 0.43, 3.95 AE 0.38 and 3.79 AE 0.28 ns, respectively, resemble those of collagen, which is the predominant fluorophore in most tissue types. Nevertheless, the contribution of NADH manifests as a decrease in the average lifetime in the second channel relative to the first channel. The third channel represents fluorescence mainly from FAD, although depending on the pathology of the tissue, other factors, such as porphyrin, can play a role as well. 5 Note that the left border of the tissue had a region where the underlying connective tissue was exposed, resulting in a slight increase in the contribution of collagen in that area.
The right panel of images in Figure 1 shows FLIM maps of a tissue biopsy representative of oral lichen planus (OLP). OLP is a benign inflammatory condition of unknown etiology but with immune mediated pathogenesis. The intensity map in channel 1 shows an area of relatively high signal toward the upper right region of the biopsy. This area was found to be shy of epithelium during histopathologic evaluation, which resulted in a significant relative increase in the signal from collagen in the connective tissue. This contrast can also be seen in the fluorescence lifetime maps (see Figures 1K-1M) , where the same region exhibits longer lifetime values in comparison with the rest of the tissue section. In channels 1 and 2, this is mainly because of collagen in the lamina propria, but longer lifetime values in channel 3 may also be attributed to relatively higher concentration of porphyrins present in the blood vessels within the connective tissue.
FLIM can resolve differences between precancerous and cancerous regions of a biopsy The top panel in Figure 2 shows FLIM images from a tissue biopsy that was acquired from the right lateral region of the tongue. The biopsy was diagnosed as superficially invasive SCC. Although most of the surface was covered by stratified squamous epithelium showing severe epithelial dysplasia (see Figure 2G ), a few tumor islands of basaloid cells exhibiting abnormal mitosis and hyperchromatism could be observed in the lamina propria above the skeletal muscle (see Figure 2H ). Although most of the FLIM features do not display any significant variation across the surface of the tissue and are relatively uniform, the lifetime map of channel 3 exhibits a marked increase in the upper left quadrant of the map. Location specific histologic evaluation showed that region to have the invasive tumor islands, and the rest of the tissue region was classified as moderate to severe dysplasia. The mean average lifetime value in the third channel across the tumor region was calculated to be 5.2 AE 0.37 ns in comparison with slightly lower value of 4.1 AE 0.44 ns for the rest of the tissue section, showing the ability of FLIM to potentially differentiate between premalignant and malignant lesions. RCM images were acquired from the center of this biopsy, with the location indicated by a box in Figure 2E ; the results are discussed later. Figure 3 provides a series of histograms, along with the corresponding bar plots, comparing the corresponding FLIM features of the aforementioned tissue sections: clinically normal, benign (OLP), and premalignant (dysplasia) lesions. Specifically, Figures 3A through 3C compare the distribution of normalized intensity maps to illustrate the changes in relative contributions to overall fluorescence from the three emission bands. Collagen is the largest contributor to total fluorescence generated in the superficial oral tissue, and hence almost all of the signal in channel 1 and a significant portion of the signal in channel 2 can be attributed to collagen fluorescence. It is expected that the intensity of collagen fluorescence would decrease with premalignant and malignant transformation because of collagen degradation and thickening of epithelium. 12 Although Figure 3D does not show a statistically significant overall decrease in the respective signals for benign and premalignant tissues, the normal tissue did exhibit slightly higher average fluorescence intensity in comparison with other tissue types in channels 1 and 2. Note that the benign lesion shows ( Figures 3A and 3D ) the least amount of contribution to overall fluorescence in channel 1. This behavior can possibly be because of a marked increase in the penetration of lymphocytes in the lamina propria, as can be seen in the corresponding histology section in Figure 1N . The cells of inflammatory infiltrate are known to cause collagen degradation. 33 Only the information in channel 3 exhibited a significant difference for both benign and premalignant lesions in comparison with normal tissue; however, the benign lesion displayed a much wider distribution in comparison with both normal and premalignant tissue sections.
Figures 3E to 3H show and compare the distribution of fluorescence lifetime maps of the 3 pathologically different lesions. The lifetime in channel 1 showed a significant decrease in overall distribution in the case of benign and premalignant lesions in comparison with normal tissue, which, again, may be attributed to degradation of collagen in the lamina propria. Channel 2 showed a slight, but not significant, decrease in the lifetime for benign and premalignant lesions. Similar observation has been made by Skala et al., who observed a decrease in the lifetime and contribution of NADH in precancerous and cancerous lesions in comparison with normal tissue. 26 The lifetime in channel 3 showed a slight increase in the case of premalignancy in comparison with both benign and normal tissue sections. Although such an increase, attributed to change in lifetime of FAD, has previously been reported in the literature, it can also be a manifestation of porphyrin (lifetime >6 ns). Porphyrin's relative presence and contribution has been known to increase with malignant transformation. 26, 34, 35 Fig . 3 . Histograms of normalized fluorescence intensity images (left column) and fluorescence lifetime (right column) corresponding to channel 1 (A and E), channel 2 (B and F), and channel 3 (C and G). D and H, show a comparison of the mean values of intensity and lifetime. The horizontal brackets above the bars indicate significant difference among pairs using the nonparametric Mann-Whitney U test (single asterisk, P < .01; double asterisks, P < .001).
RCM can detail the architectural features of the oral epithelium
In comparison with FLIM's ability to provide biochemical and molecular contrast, RCM probes the tissue architecture and microanatomy and can generate images that can be directly correlated to the conventional histologic evaluation of the specimen. Figure 4 shows a comparison of a transverse histologic image and the corresponding en face confocal images of a clinically normal gingival tissue. The confocal images were obtained at different depths within the epithelium of the tissue. Bright nuclei and cell borders on a background of relatively darker cytoplasm can be observed throughout the thickness of the epithelium. The images from the middle of the epithelium to the basal layer show a noticeable increase in the cell density and nuclear-to-cytoplasmic (N/C) ratiodfeatures that compare well with the corresponding regions of the histology section. Such a progression in the pattern of cells is typical of normal oral epithelial tissue. Figure 5 shows another set of RCM images taken from a tissue biopsy suspected of inflammation and which was later classified as gingival hyperplasia. In comparison with the images in Figure 4 , there is a marked increase in the density of cells, indicative of hyperplasic growth of the tissue. The peglike structures of rete ridges can also be observed in the images at the interface of the epithelium and the lamina propria, toward the upper right quadrant in Figure 5E . Note that although we were unable to image any ulcerated regions because of their peripheral locations on the tissues, RCM has the ability to differentiate between the epithelial cells and the stroma. Differences in morphologic features among normal, benign, and precancerous tissues can be quantified by using RCM We next assessed whether the images generated by RCM could be used to identify the presence of oral premalignancy. Figures 2I through 2K depicts images from the superficial invasive carcinoma tissue imaged by FLIM, from the region marker in Figure 2E . This area was histopathologically interpreted as severe dysplasia. In comparison with normal and benign tissue sections, this confocal image mosaic showed an increase in the N/C ratio at the respective depths within the epithelial tissue and a much smaller change across the depth of the epithelium.
These differences were quantified by segmenting the images to isolate the cell nuclei. We utilized a customwritten software routine programmed specifically for segmentation of RCM images of the oral epithelium. 36 The percentage of change in N/C ratio across the thickness of the epithelium was found to be higher for both the clinically normal tissue and the benign (hyperplasia) lesion in comparison with dysplasia. Specifically, the change in N/C ratio across the middle to the bottom of tissue was measured to be approximately 71% and 58% for normal and benign tissues, respectively. In contrast, this change was <3% in the case of dysplastic tissue. This is typical of stratified squamous epithelium, wherein normal tissue exhibits marked change in N/C ratio across the depth of the tissue as the basal cells divide, mature, and move upward within the epithelium. This difference becomes less noticeable with the progression of premalignancy, as atypical nuclei tend to move up in the epithelium.
DISCUSSION
In this study, FLIM and RCM imaging combine metabolic and compositional mapping with morphologic information to characterize different stages of oral cancer development. The ability to realize clinical potential of this integrated approach is underscored by the complementary nature of information provided by these modalities. Although some of the FLIM features of clinically normal and premalignant tissues showed significant differences, the comparisons between normal and benign tissue sections or benign and premalignant tissue sections were mostly insignificant. However, comparison of RCM images of normal, Fig. 5 . Histologic section (A) and reflectance confocal microscopy (RCM) images (B to E) of a tissue section from gingiva region. The section was histopathologically categorized as a hyperplastic lesion that occurs in response to chronic inflammation/irritation. In comparison with clinically normal tissue, the tissue exhibits marked proliferation of cells, as seen both in histology and RCM images. Note that the variation in the field of view across the RCM images is due to the placement of tissue surface at an angle with respect to the microscope objective. The change in N/C ratio can also be noticed in (C) and (D), where the images show an increased density of nuclei in upper right quadrant of the image in comparison to the center of the image.
benign, and premalignant tissue sections showed distinctive differences in percent change of the N/C ratio. We believe that the synergistic combination of macroscopic FLIM (high sensitivity, low specificity) to rapidly scan a large area of a biopsy, or potentially the oral cavity in vivo, and microscopic RCM (high sensitivity, high specificity) to provide depth-sensitive histology-like architectural information can overcome the limitations of individual imaging techniques and provide a practical and objective adjunct to conventional oral screening methods.
Our results from FLIM imaging also demonstrate that the additional dimension of fluorescence lifetime may enhance the ability of clinicians to distinguish premalignancy from malignancy. As seen in Figure 2 , the lifetime map in the third channel exhibits most significant contrast between the areas identified as dysplasia and carcinoma. The increase in the fluorescence lifetime may be attributed to the elevated levels of porphyrin in the cancerous area. During the process of malignant transformation, porphyrin levels in tissue can increase due to alterations in both heme biosynthetic and amino acid degradation pathways. 37 Note that although such an increase can potentially serve as a marker of malignant transformation, concentration of porphyrin in blood is much higher in comparison. Therefore, areas of tissue that are shy of epithelium (such as ulcerated regions) and where connective tissue and blood vessels are relatively exposed can confound the interpretation. This can be a potential limitation of FLIM in discriminating malignant lesions from benign regions of the tissue.
The architectural details in RCM images can be quantified to more objective parameters (N/C ratio and size of nuclei) that can be directly correlated to that seen in histology. Thickness of the oral epithelium is another feature that can be used to characterize precancerous and cancerous regions within the tissue; however, individuals across different ages, genders, and races can exhibit significant variations in the size of the epithelial thickness. 38 In addition, the thickness of the layer also varies substantially across different regions of the mouth. For instance, the epithelial layer has been measured to be 99 AE 22 mm thick at the anterior floor of the mouth in comparison with thickness of 294 AE 68 mm at the buccal mucosa. 39 As mentioned earlier, the premalignant and malignant transformations within the epithelium are marked with increased cellular polarity and consequent loss of cell maturation and stratification. 40 In principle, our RCM system should be able to resolve such abnormal variations that could potentially serve as additional markers to distinguish precancerous and cancerous lesions. However, the high and disordered concentration of the nuclei can also result in decreased scattering of light and, therefore, contrast, as seen in confocal images of Figure 2 in comparison with Figure 4 and Figure 5 , making it difficult to identify more subtle changes at the cytologic level. Our image segmentation program also calculated the mean background intensity around the nuclei in the images, and the results showed an approximately 40% increase in the background, indicating reduced contrast for diseased tissue. This is also in agreement with predictions of light scattering theory for closely spaced structures, which indicates that such geometry and distance between nuclei would result in destructive interference of the backscattered light. 41 One of the limitations of RCM imaging is the penetration depth, which restricts how deep we can image within the biologic tissue. In both our experience and those of other groups, RCM images have been acquired at greater than 300 mm in the oral epithelium. 42 Although this penetration depth is relatively low in comparison with other imaging modalities, such as optical coherence tomography and multiphoton microscopy, most normal values of epithelial thickness within the oral cavity have been noted to be less than 300 mm. 39 More importantly, the areas of the oral cavity most commonly identified with oral cancer are lateral tongue (w200 mm average thickness) and anterior floor of the mouth (w100 mm average thickness), both of which are well within the range of RCM. Nevertheless, the epithelium can show significant increase in thickness during progression of precancer and potentially limit our ability to image through to the basal cell layer. In addition, regions with severe hyperkeratosis can also reduce the penetration of light due to increased backscattering by the keratin layer. In such instances, the sensitivity of FLIM to the metabolic state could become increasingly critical in its ability to detect and distinguish the lesions; however, hyperkeratosis can also confound the overall fluorescence signal due to similarities in emission of keratin and collagen.
Recently, we have modified the system for use in vivo in the oral cavity of patients. Our preliminary results are promising, demonstrating that these data presented here, acquired ex vivo, are translatable to in vivo imaging. In vivo FLIM imaging of intact tissue is less susceptible to image variation because of exposure of connective tissue in positioning of biopsies, as seen in Figure 1 . In vivo RCM imaging is more susceptible to motion artifacts because of the high resolution imaging; however, the frame rate of seven frames per second is sufficient for image capture. Although presence of blood in vivo can limit the penetration of light in tissue, this problem is circumvented in the case of the oral mucosa, wherein the blood vessels are predominantly present in the connective tissue underneath the epithelial layer. Because both the imaging modalities primarily probe the epithelium, the effect of circulating blood on our ability to image the tissue is not significant. A potential limitation with RCM is the relatively small field of view. Image mosaicking may be applied in the future to expand the area of the high-resolution imaging region. We are in the process of building a database of FLIM and RCM images of a variety of pathologies, including benign, premalignant, and malignant conditions. This database will be used to perform multivariate statistical analysis to identify the most important imaging parameters which best differentiate between pathologies along the transformation path of SCC.
CONCLUSIONS
Fluorescence lifetime imaging and reflectance confocal microscopy provide complementary information on tissue biochemistry and structure. In this embodiment, the two modalities are designed to operate on different scales to facilitate macroscopic guidance with FLIM followed by microscopic investigation with RCM. We have presented initial results indicating potential for this combined system to improve early detection of oral carcinogenesis.
SUPPLEMENTARY INFORMATION:
MULTIMODAL DETECTION OF ORAL PREMALIGNANCY WITH FLUORESCENCE LIFETIME IMAGING AND REFLECTANCE CONFOCAL MICROSCOPY FLIM-RCM imaging system: A detailed schematic of our imaging system is presented in Supplementary Figure 1 . In the FLIM module, a frequency-tripled Nd:YAG laser (1 ns pulse width, Advanced Optical Technology) emitting at 355 nm is used as the excitation source. The light from this UV laser is coupled to an optical fiber (0.22 NA, FVP050055065, Polymicro Technologies) and delivered to the handheld box. Within the box, the light is reflected from a dichroic mirror and a pair of galvanometer mirrors (Cambridge Technology) for eventual two dimensional raster scanning. This is followed by a series of three lenses: first two work as a 1Â image relay to extend the length of the probe, and the third lens serves as the objective. The fluorescence signal from the sample is de-scanned and coupled to a collection fiber to be delivered to a multi-spectral detection system, which consists of a series of dichroic mirrors and filters for spectral de-multiplexing of the signal into three wavelength bands of 390 AE 20 nm (channel 1), 452 AE 22.5 nm (channel 2) and >500 nm (channel 3). The separated signals are then coupled to individual optical fibers of varying lengths, 1, 13 and 25 meters, respectively, which ultimately end at a single MCP-PMT detector (R3809U, Hamamatsu Corporation). The difference in lengths of the fibers results in temporal separation of w60 ns between each successive band, and hence multiple fluorescence decays at difference emission bands can be collected using a single excitation pulse and a single detector. The detected signal passes through a preamplifier followed by acquisition and digitization at 6.25 GS/s (PXIe-5185, National Instruments) resulting in a temporal resolution of 320 ps. The field of view was measured to be w10 mm with a lateral resolution of w110 mm.
The acquired FLIM data was processed in MATLAB (Mathworks Inc.). For each sample, nine images are generated: absolute integrated fluorescence intensity (I 1 ; I 2 ; and I 3 ), normalized integrated fluorescence intensity (I 1n ¼ I 1 =ðI 1 þ I 2 þ I 3 Þ, I 2n ¼ I 2 =ðI 1 þ I 2 þ I 3 Þ, and I 3n ¼ I 3 =ðI 1 þ I 2 þ I 3 Þ), and average fluorescence lifetime (s 1 ; s 1 and s 3 ) maps, where indices 1, 2 and 3 correspond to channel numbers. The average fluorescence lifetime s is calculated using the relationship: s ¼ P t,hðtÞ= P hðtÞ, where h(t) is the deconvolved temporal decay.
A continuous-wave laser (DL808-120-0, Crystalaser, Reno, NV) at 811 nm is used as the illumination source in the RCM module. A linear polarizer in combination with a half-wave plate is used to control the laser power at the sample. The beam is then transmitted through an electrically tunable lens (EL-6-18, Optotune AG) for optical axial scanning. A pair of closely spaced scanning mirrors (CRD 8 KHz resonance scanner and 6215HM40 galvanometer, Cambridge Technology) is used for raster scanning the beam at the sample plane. A 2Â image relay is used to conjugate the mid plane between the two scanning mirrors with the back focal plane of a microscope objective lens (CFI Apo 40XW NIR, Nikon). A quarter-wave plate is placed before the objective lens which, together with a polarizing beam splitter in the detection arm, helps to reduce the specular reflection from the optics. The detection path utilizes a spatial filter with a 75 mm pinhole to reject the out of focus light, followed by a PMT (H9305-03, Hamamatsu Corporation). Signal is collected by the digitizer at 39.55 MHz and image formation takes place at 7 frames per second.
Morphological features of the epithelium are extracted from the acquired sets of images. The thickness of the epithelial layer is determined by the total number of image planes between the surface of the tissue and the epithelial/stromal interface. The nucleusto-cytoplasm (N/C) ratio in any given image plane is characterized using a custom image segmentation and analysis software. The field of view was measured to be w625 mm, with lateral and axial resolutions of w1 mm and w5 mm, respectively.
